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Abstract 
Gas nanosensors are nowadays very important to monitor environment and human conditions in many fields. Low cost synthesis 
of nanostructured metal oxides is thus crucial to satisfy this need to the best. Herein, nickel oxide p-type semiconducting 
nanowires with polycrystalline structure were prepared by a facile and scalable hydrothermal method. Morphology and structure 
of the NiO nanowires were investigated by scan electron microscopy, X-ray diffraction and transmission electron microscopy. 
The nanostructured materials were then tested as ethanol sensors showing good performance in terms of sensor response, 
stability, speed and selectivity towards ethanol, ammonia and liquefied petroleum gas. 
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1. Introduction 
Metal oxide semiconductors are very good active materials to be used as sensors. In the last years metal oxide 
nanostructures replaced thick and thin films in several fields and application, including gas sensing. Semiconducting 
n-type metal oxides (SnO2 and ZnO among others [1,2]) have been studied more deeply than p-type semiconductors. 
An extensive study of p-type metal oxides is quite recent, and includes nickel oxide (NiO). Controlling the shape 
and structure of nanostructures is a common strategy to optimize their performance due to their structure-dependent 
properties [3-5]. Nanowires are almost one-dimensional (1D) nanostructures, and are ideal elements for functional 
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nanodevices [6]. Nickel oxide, a p-type semiconductor with a band gap energy of about 3.6 - 4.0 eV [7], is being 
considered as a promising material due to its good chemical stability and electrical properties. Its potential 
applications cover a wide range of fields: catalysis [8], electrode materials for lithium ion batteries [9], photovoltaic 
devices [10], fuel cell electrodes, electrochemical supercapacitors [11], electrochromic films [12], magnetic 
materials [13] and gas sensors [14-16]. Several different NiO nanostructures have been grown up to date, including 
nanoparticles [17], nanorods [18], nanotubes [19], nanosheets [20]... 
Many deposition methods have been used to grow nickel oxide nanostructures, including aqueous solution [21,22], 
electrochemical deposition [23,24], vapor-based metal etching oxidation method [25], dehydration method [26]. 
Still, most of the growth techniques used necessitate unfavourable parameters like high vacuum, high temperature 
and complex chemical reactions, leading to expensive procedures that prevent an extensive use of these materials. 
The hydrothermal synthetic method here utilized has attracted a broad interest for its simple operation and low 
power consumption. 
In the present work, we investigate the growth of nickel oxalate hydrate (NiC2O4•2H2O) nanowires via hydrothermal 
method and their thermal decomposition during calcination at 500°C, thus to obtain polycrystalline nickel oxide 
nanowires. We study morphology and structure of the nickel oxide nanowires, and use them as gas sensors to 
quickly and selectively detect ethanol gas. 
 
2. Materials and methods 
2.1. Synthesis of nickel oxide nanowires 
A two-step process consisting in hydrothermal method followed by annealing at 500°C has been used to grow the 
NiO nanowires. All chemicals used in these experiments were analytical reagent grade and were used without 
further purification. During a typical procedure, 0.474 g of NiCl2.6H2O (Sigma-Aldrich) was dissolved into a 
mixture of 32 mL ethylene glycol (EG, Sigma-Aldrich) and 18 mL deionized water in a beaker and stirred at room 
temperature. Then 0.1206 g of Na2C2O4 was added, while continuous stirring was carried out to ensure Ni2+ ions a 
homogeneous dispersion in the solution. The solution was then transferred into a teflon-lined stainless steel 
autoclave, sealed and heated at 200°C for 24 h. At the end of the heating step, the autoclave was let cooling down 
naturally. The product was collected by centrifugation, rinsed thrice with deionized water and absolute ethanol, 
respectively, and then dried naturally at room temperature. The resulting product was a blue–green powder 
consisting of nickel oxalate hydrate (NiC2O4∙2H2O) short nanowires. 
The polycrystalline NiO nanowires were obtained by calcination at 500°C of this precursor. 
The nickel oxalate hydrate nanowires and the nickel oxide polycrystalline nanowires were characterized by X-ray 
diffraction (XRD) and scanning electron microscopy (SEM). Calcinated nanowires underwent the same 
characterizations, including transmission electron microscopy (TEM). The XRD analysis was performed using a 
Bruker D5005 X-ray diffractometer with CuKD1 radiation (O=1.5406 Å) operated at 40 kV and 40 mA. SEM 
characterization was carried out with a JEOL7600 scanning electron microscope at 20 kV. TEM and electron 
diffraction images were acquired using a JEOL JEM-2100 transmission electron microscope used at 200 kV. 
 
2.2. Sensors fabrication 
The sensors were fabricated by drop casting NiO nanowires over interdigitated platinum electrodes on silica 
substrates. 1 mg of nickel oxide nanowires was dispersed in ethanol and sonicated for 3 minutes. The solution was 
then dropped onto comb platinum/titanium electrodes on thermally oxidized silicon substrates. The interdigitated 
contacts were deposited onto SiO2/Si substrates by conventional optical lithography technique and sputtering. The 
device is 2 mm × 6 mm overall, with two electrodes consisting in 18 pairs of 800 x 20 μm fingers and a gap of 50 
μm between fingers. After the drop of nickel oxide nanowires, the sensor was heated up to 500°C in a furnace for 2 
h in order to stabilize and improve the adhesion between nanostructures and platinum electrodes. 
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2.3. Gas sensing measurements 
The nickel oxide nanowires-based sensors were tested in dynamic conditions, in which the tested gas and the 
carrier gas (dry air) were continuously flowing through the test chamber with a total flow of 500 sccm. The sensor 
testing system was home-built, including a test chamber, a heatable sensor holder and mass flow controllers 
connected to high purity gas bottles. 
The sensors dynamic resistance was measured via a Keithley 2400 multimeter connected to a home-built data 
acquisition system (LabView, National Instruments). A voltage of 5V was applied to the samples, and they showed 
a good ohmic behaviour which negligible metal-semiconductor junction resistance. The sensor response S for 
ethanol (reducing gas) was defined as S = (RGAS– RAIR) / RAIR ∙100, where RGAS and RAIR are the resistance of the 
device in presence of ethanol or in pure air, respectively. Response and recovery times are defined as the time 
needed for the sensors to reach 90% of the maximum response value and to get down to 10% of it, respectively. 
 
3. Results and discussion 
3.1. Nanowires characterization 
Figure 1a shows a SEM image of the material grown during the hydrothermal growth: thin and straight nanowires 
with a constant diameter around 60 nm and smooth surfaces are visible. The aspect ratio (ratio between length and 
diameter) of the nanowires depends on the growth temperature, enlarging with increasing temperature. After the 
calcination at 500°C for 2 hours, the nanowires morphology changes very much, as shown in Figure 1b. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. SEM images of (a) nanowires as hydrothermally grown; (b) nanocrystalline nanowires after calcinations at 500°C. 
 
At such high temperature annealing, the nanowires material agglomerates in many nanoparticles still resembling 
the former nanowires. The nanoparticles composing each nanowire are roundish with a diameter of about 20-50 nm. 
X-ray diffraction spectra shown in Figure 2 confirms the composition of the nanostructures before and after the 
calcination. Figure 2a is relative to the nanowires before calcination, and shows numerous diffraction peaks which 
can be all assigned to monoclinic nickel oxalate hydrate (JCPDS 25-0581). The XRD spectrum of the nanowires 
after the calcination process is reported in Figure 2b, showing a well crystallized nickel oxide cubic phase (JCPDS 
47-1049). Three intense diffraction peaks are visible at 37.3, 43.4 and 62.9° and can be indexed as cubic NiO, with a 
lattice parameter of 4.1667 Å. 
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Fig. 2. XRD spectra of (a) nanowires as hydrothermally grown; (b) nanocrystalline nanowires after calcinations at 500°C. 
 
The absence of any impurity phase in both spectra of Figure 2 confirms that the nanowires are completely 
crystalline before and after the calcination. This means that all the NiC2O4•2H2O precursor was converted to NiO 
during the process. 
The crystal structure of the NiO nanowires and the nanoparticles composing them were further characterized by 
TEM analysis. As shown in Figure 3a, NiO nanowires tend to agglomerate in bundles. The diameter of single 
nanowire ranges around 40–70 nm, while the whole bundles have diameters around 300-600 nm. Figure 3b shows a 
high magnification TEM image revealing that the NiO nanoparticles composing the nanowires have diameters 
around 20–80 nm, with several interspaces between them.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. (a) TEM image of NiO nanowires; (b) HRTEM image of nanoparticles composing a NiO nanowire, (c) SAED pattern of NiO 
nanowires. 
 
Figure 3b shows lattice fringes spaced of about 0.20 nm, which well agree to the interplanar distance of (200) 
lattice planes in cubic NiO. Figure 3c shows the selected area electron diffraction pattern of polycrystalline NiO 
nanowires, with three diffused rings which can be assigned to (111), (200), (220) diffraction lines of cubic NiO 
phase, respectively. 
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3.2. Gas sensing results 
The sensors resistance were tested in the range from -5 V to +5 V and a very good ohmic behaviour was 
observed. The resistance of the sensors ranged from 43 kΩ to 3.5 MΩ increasing the temperature from 200 to 400°C 
in air. The nickel oxide devices were tested at a voltage of 5 V between the electrodes, with different gas 
concentrations and different working temperatures in the apparatus. 
Figure 4 presents the sensor resistance as a function of time while different ethanol concentrations (50, 100, 250, 
500 and 1000 ppm) where flowing on the device. Each plot is relative to a different working temperature: 200, 250, 
300, 350 and 400 °C. The dynamic resistance measured at 200 °C (bottom plot, black line) is noisy and has a small 
drift. All the other plots show a stable resistance of the NiO nanowires in air, which abruptly increases when ethanol 
gas is injected into the testing system. Once the ethanol flow is stopped and replaced with dry air, the device 
resistance quickly decreases to its previous value. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Dynamic resistance of a sensor under different ethanol concentrations (50, 100, 250, 500 and 1000 ppm) at 200 – 400°C. 
 
This is the typical response of p-type semiconductor sensors. Nickel oxide is commonly a p-type semiconductor, 
using holes as charge carriers. While the NiO nanograins are exposed to air, oxygen molecules in the form of O- and 
O2- are absorbed on their surface. The reaction of adsorbed oxygen with the surface atoms withdraws electrons from 
the nanowire, increasing the number of electrical holes, thus augmenting its conductivity in these conditions. Once a 
reductive gas like ethanol is injected in the system, its molecules react with the adsorbed oxygen, releasing the 
electrons back to the nanowires. This results in a decrease of holes and a shrink of the sensor conductance. 
As can be seen in Figure 4, the response intensity of the sensor improves while increasing ethanol concentration 
at all operating temperatures. The sensor response is always sharp and clear, and the recovery is very good with 
negligible drifts (except at 200°C). 
The response as a function of the ethanol concentration is calculated from Figure 4 and reported in Figure 5a. I 
can be seen that at every working temperature the sensor response raises with increasing gas concentration, with a 
slope that slowly decreases at high concentrations. In the range 100 - 1000 ppm the response increases linearly, 
meaning that the nanowires are not saturating yet. This indicates that the sensors could be used in a wide range of 
ethanol concentrations. The lowest sensor response of NiO nanowires based sensors goes from 20.0% to 24.1% at 
200°C. The best values go from 42.1% to 140.0% at 400°C. 
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Fig. 5. Percentage response as a function of (a) ethanol concentration and (b) working temperature. 
 
Figure 4b reports a plot of the response values towards the working temperature, showing that the sensor 
responds better at higher temperatures. The higher the working temperature, the better the sensor response, at all 
ethanol concentrations. We didn't increase further the working temperature because -of limitations of our 
experimental setup, but also because it is difficult to operate devices at higher temperatures in real applications. 
Figure 6 shows the speed of a sensor responding to and recovering from different ethanol concentrations at 
diverse working temperatures. Response times are reported in Figure 6a, while recovery times are shown in Figure 
6b. Response and recovery times show very similar behaviors with both gas concentration and working temperature. 
In the 300 - 400°C temperature range there is no evident dependency on the ethanol concentration, while at lower 
working temperatures the device seems to respond and recover more slowly to higher ethanol concentrations. The 
response time ranges 150 - 210 seconds at 200°C, 45 - 55 seconds at 300°C  and 30 - 43 seconds at 400°C. The 
recovery times shown in Figure 6b are slightly lower: 93 - 176 seconds at 200°C, 43 - 59 seconds at 300 °C and 34 - 
39 seconds at 400°C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. (a) Response times and (b) recovery times as a function of ethanol concentration at different working temperatures. 
 
We have also calculated limit of detection (LoD), the lowest gas concentration that the device can sense. A linear 
fit of the sensor response at low gas concentration has been used, as long as three times the standard deviation of the 
base signal. As can be seen in Figure 7a, the limit of detection is good at 200°C with a value of 2.2 ppm, and 
decreases at higher working temperatures, reaching the best value of 200 ppb at 400 °C. The capability of detecting 
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a very low gas concentration is an important characteristic for a sensor to be used in applications where a low 
threshold is required. 
Selectivity of the NiO nanowires has been studied towards hydrogen, ammonia (NH3) and liquified petroleum 
gas (LPG). The response values of the NiO nanowires-based sensors to 100 ppm of different gases (while working 
at 400 °C) are presented as a polar plot in Figure 7b. The high directionality of the green shape in Figure 8 
demonstrates the good selectivity of the device to ethanol while compared to hydrogen, NH3 and LPG. At a working 
temperature of 400°C, the NiO sensor gives a response of around 59% to ethanol, while the response to hydrogen, 
NH3 and LPG is 24.1%, 15.9 and 4.8%, respectively. This demonstrates that the NiO polycrystalline nanowires can 
be used as fast and selective ethanol sensors. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. (a) Limit of detection as a function of the sensor working temperature and (b) selectivity plot at 200°C for 100 ppm of gas. 
 
4. Conclusions 
NiO polycrystalline nanowires have been grown through a simple and cheap two-step process consisting in 
hydrothermal growth followed by calcination. The resulting polycrystalline nanowires, composed by NiO 
nanoparticles, show very good ethanol sensing properties with response values reaching  140%, quick response and 
recovery (down to few tens of seconds) and good selectivity to ethanol towards ammonia, hydrogen and liquefied 
petroleum gas. 
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